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Biomedical Imaging and Sensing using Flatbed 
Scanners 

Zoltán Göröcs,a and Aydogan Ozcana,b,c,*   

In this Review, we provide an overview of flatbed scanner based biomedical imaging and 
sensing techniques. The extremely large imaging field-of-view (e.g., ~600-700 cm2) of these 
devices coupled with their cost-effectiveness provide unique opportunities for digital imaging 
of samples that are too large for regular optical microscopes, and for collection of large 
amounts of statistical data in various automated imaging or sensing tasks. Here we give a short 
introduction to the basic features of flatbed scanners also highlighting the key parameters for 
designing scientific experiments using these devices, followed by a discussion of some of the 
significant examples, where scanner-based systems were constructed to conduct various 
biomedical imaging and/or sensing experiments. Along with mobile phones and other 
emerging consumer electronics devices, flatbed scanners and their use in advanced imaging 
and sensing experiments might help us transform current practices of medicine, engineering 
and sciences through democratization of measurement science and empowerment of citizen 
scientists, science educators and researchers in resource limited settings.   
 

 

Introduction 

Several consumer electronics based imaging and sensing 
solutions have been recently developed to address global health 
problems by creating low-cost and yet quite powerful point-of-
care devices that exhibit unique advantages over their 
conventional counterparts. For example, mobile phone based 
systems have received special attention due to their ability to 
work even in remote locations and resource poor settings, and 
to acquire, process, evaluate, and transmit measurement data 
and results in real time1–21. In a similar way, conventional 
flatbed scanners, normally used for document or photo digital 
scanning, offer unique capabilities by providing, within a cost-
effective design, an extremely large imaging field of view (e.g., 
~600-700 cm2) while having a modest spatial resolution of <10 
µm. Here, we review the use of conventional flatbed scanners 
for biomedical imaging and sensing applications. First, we give 
a short overview of the optical properties and imaging 
performance of these flatbed scanner based systems, with an 
emphasis on the important parameters for designing scientific 
experiments using these devices. Following this, we discuss 
some of the key examples of biomedical applications and 
imaging/sensing experiments that make use of digital scanners. 
Overall, flatbed scanners, along with other consumer 
electronics devices including e.g., mobile phones and emerging 
wearable computers create unique opportunities for 
democratization of measurement science1 empowering 
researchers and educators in developing world and resource 

limited institutions to conduct imaging, sensing and diagnostics 
related experiments with significantly reduced budgets, 
infrastructure and maintenance needs, potentially helping us 
transform how medicine, engineering and sciences are practiced 
globally. Furthermore, this broad research theme might also 
empower citizen science by converting everyday digital 
instruments into advanced measurement tools, helping us 
generate large quantities of high quality data through a global 
network of consumers, taking the lead as citizen scientists. 
Various successful implementations of citizen science have 
already emerged including for example to predict protein 
folding and structure22 or to diagnose malaria infected cells 
using crowd-sourced serious games, i.e., BioGames23,24. While 
many of these initial efforts have not involved physical 
measurements or experiments to be performed by the members 
of the citizen scientist crowd, with the emergence and spread of 
cost-effective and ubiquitous measurement tools that can be 
converted from consumer electronics devices, including flatbed 
scanners and mobile phones, a new level of citizen science 
would be feasible to distribute not only data analysis and 
simulations, but also experiments and data collection.    

Imaging architectures and properties of flatbed 
scanners 

The flatbed scanners were invented for and are extensively used 
for document scanning. This task required an imaging system 
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that is capable of creating a digital image over a large field of 
view (FOV) of ~620 cm2, i.e., the size of an A4 or a US letter 
paper. This FOV criterion was satisfied by mechanically 
scanning a one dimensional opto-electronic sensor-array over 
the entire sample, thus reducing the sensor size, and 
circumventing the need for a several giga-pixel two 
dimensional sensor-array, as well as an optical system that is 
capable of imaging such a large field of view all at once. The 
spatial resolution of these scanning devices was initially not 
sufficient for micro-scale imaging tasks, however with the 
technology evolving to be able to scan photographs and films, 
relatively high resolution flatbed scanners entered the market.  

 
Figure 1: (Top) Sketch of the optical setup in a CCD based scanner. The image is 
relayed through several mirrors, and a single lens demagnifies the width of the 
field of view to fit it onto the CCD sensor active area. (Bottom) Sketch of the 
optical setup in a CIS based scanner. Imaging is done by a gradient index lens 
array under unit magnification, i.e., the sensor length equals the width of the 
field of view. The figure is taken from reference 25. 

 There are mainly two types of flatbed scanner technologies 
currently available: (1) The Charge-Coupled-Device (CCD) 
based systems, which utilize a single imaging lens in 
conjunction with the 1D sensor array; and (2) The Contact 
Image Sensor (CIS) based systems, where a Gradient Index 
(GRIN) lens array (also known as the self-focusing lens array) 
is used to create a unit magnification image (see e.g., Figure 1). 
In CCD based scanners the length of the CCD chip is usually 

on the order of a few centimeters (e.g., ~ 4 cm), thus 
demagnification is performed by the lens to be able to image 
the full FOV of the sample (e.g., A4 paper). Some of the recent 
scanners use trilinear CCDs for color imaging, where three 
rows of pixels are placed next to each other, each equipped with 
a color filter to be sensitive for the red, green, and blue parts of 
the spectrum, respectively. The light source used for 
illumination in these systems is generally a white fluorescent 
lamp. Recently, to eliminate warm up times, white light-
emitting-diodes (LEDs) have also been used. The pixel size of 
linear CCDs used inside scanners is typically ~2-4 µm. The 
resolution of these systems are further enhanced by using a 
staggered pixel configuration, where an additional line of red, 
green, and blue sensitive pixels is placed next to the original 
ones with a half pixel shift. Since the CCD sensor pixels are 
usually more sensitive to light in the middle of the pixel26, this 
spatial sensitivity information together with the staggered 
configuration can be used to synthesize an image with a spatial 
resolution corresponding to half of the pixel pitch without 
sacrificing sensitivity27–29. Generally speaking, CCD based 
scanner systems have a longer depth of field (~1-2 mm), which 
makes them suitable to image samples placed outside the ideal 
focal plane of the lens, such as samples in Petri dishes. 
However, as the optical system is designed to image paper 
sheets, thicker objects can cause significant distortions, 
especially near the edges of the objects.30  
 In CIS based scanner devices the sensor’s length is the same 
as the length of the imaging area31. This is usually achieved by 
using several (e.g., 8 inside the CanoScan LIDE 200 scanner) 
shorter opto-electronic sensors placed next to each other. This 
leads to small gaps (~40 µm) at the sensor array connection 
points, which creates spatial discontinuities (i.e., dead spots). 
While in general negligible, this might need to be taken into 
account when designing a scientific experiment based on a CIS 
scanner. The pixel size of these sensors is on the order of 5-10 
µm. Large format pixels have better noise characteristics and 
sensitivity, which in general reduce the scanning time. Due to 
the unit magnification of the imaging system, even with these 
large format pixels, the CIS scanner provides a resolution 
similar to CCD based scanners, which need demagnification. 
Furthermore, since the image of the sample plane is relayed 
through the GRIN lens array, the depth of field of a CIS based 
optical system is considerably smaller than CCD based 
scanners, (for example ~100 µm vs. 1-2 mm, respectively). 
This means that extremely thin sample holders and/or direct 
placement of the samples on the scanner glass are required to 
utilize this type of an imaging system in a biomedical 
imaging/sensing experiment. In CIS based systems, the scanner 
head is pushed to be in contact with the bottom surface of the 
scanner glass, thus keeping the focal plane slightly above the 
top surface. One possible way to raise the focal plane above the 
scanner glass, in order to accommodate e.g., thicker sample 
holders, would be to replace the scanner glass with a thinner 
one.  
 As with all imaging systems, the optical resolution and the 
depth of field depend on the numerical aperture (NA) of the 
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optics. The smaller depth of field in CIS based systems is due 
to the higher NA of the lens, which also means that the optical 
resolution provided by the GRIN lens is higher compared to the 
CCD based systems, and the bottleneck of resolution is usually 
due to the large pixel size (creating pixelation); this also makes 
pixel super-resolution methods a possibility to digitally 
improve spatial resolution in scanner based imaging 
experiments, as recently demonstrated in Ref. 32.  
 Note also that the imaging characteristics of a GRIN lens 
array are fundamentally different than regular lenses. The array 
creates an image of the object with unit magnification, and each 
individual point of the object is imaged by multiple GRIN 
lenses in such a way that when the object and the sensor pixels 
are at the focal planes, the images created by the individual 
lenses overlap and create the final image.33 This also means that 
for out of focus samples the overlap of images relayed by 
neighboring lenses will not be perfect, hence several shifted 
copies of the object will appear in addition to the regular out of 
focus blur corresponding to each lens in the array. Therefore, 
for experimental systems using a CIS type scanner in 
conjunction with other optical elements, it is typical to remove 
the GRIN lens array, and use the bare sensor line to avoid such 
imaging artifacts25,34. 
 Illumination in CIS based systems is mostly done by red, 
green and blue LEDs, either by using several LEDs in a line 
along the lens array, or using a light rod to distribute the light 
emitted from a single multi-color LED at the end of the rod. 
Generally, there are no color filters above the pixels in CIS 
sensors, so the sensor is by itself monochromatic. The color 
image is created by blinking the red, green, and blue LEDs 
sequentially, and registering the responses of the detector for 
different illuminations.  
 In both CCD and CIS based scanner systems in order to 
gain the high resolution color image from the raw sensory 
information, the data need to be synchronized and post 
processed, which is usually automatically done by the scanner’s 
chipset. Since scientific experiments usually deal with samples 
that the scanner was not designed to image, some of these post 
processing steps, that were optimized for text or photo 
scanning, can alter the readout data, thus reducing the linearity 
and the sensitivity of the measurement system. In order to 
address this problem one can either extract the raw sensory data 
from the scanner32, or simultaneously scan known objects and 
use them to digitally calibrate the system35,36. Getting access to 
raw sensory information is not straightforward, as regular 
scanner software applications do not provide this feature, and 
most device drivers are not open access. One possible solution 
is the use of the Linux scanner driver package: Scanner Access 
Now Easy (SANE). The scanner itself is controlled internally 
by the device’s chipset, and the back-end of SANE package 
handles the communication between the chipset and the PC. By 
setting the values of the chipset’s registers before sending the 
control data-stream to the scanner, it is possible to control the 
device according to the imaging needs, change the bit depth, 
gain and scanning speed, modify the shading table used to 

equalize the pixel’s readout signal or turn on/off the built-in 
illumination.32,37  
 The large field of view of these scanner-based systems is a 
clear advantage, however in order to truly judge their 
capabilities for imaging, we also need to know their optical 
resolution. The spatial resolution of scanners is given in points 
per inch (ppi) by their vendors, however almost all of them 
claim the amount of pixels in the final interpolated image, and 
not the actual optical resolution achieved by the system. Even 
in the case of non-interpolated images, the “optical” dpi usually 
corresponds to the size of the image sensor’s pixels. This means 
that due to the spatial sampling and under-sampling performed 
by the sensor array, the real optical resolution is generally 
lower. Also, due to the scanning nature of the system and the 
frequently used rectangular pixels, the optical resolution can be 
different in the sensor direction (where it is largely determined 
by the pixel size) compared to the movement/scanning direction 
(where the step size and accuracy of the motor play an 
important role for the final spatial resolution).32 
 Current flatbed scanners have a modest spatial resolution of 
<10 µm, however, together with their ultra-large field-of-view 
(~600 cm2), a pixel count of several giga-pixels can be achieved 
in each acquired image, resulting in a file size of hundreds of 
Megabytes. Fortunately, due to recent popularity of giga-pixel 
photography there are various digital solutions for handling and 
visualizing giga-pixel images using standard personal 
computers (see for example Deep Zoom38).   
 We should emphasize that for most scientific applications, 
selection of a scanner should be based on the ability of getting 
low level control of the device and the raw sensor data. CCD 
based scanners have larger depth of field, and are thus more 
suitable for samples within relatively thick sample holders (e.g., 
Petri dish), but are slightly more expensive. CIS based 
scanners, on the other hand, are cheaper, offer unique 
advantages for easier modification of their set-up due to the 
simpler optical system; however they have a shallower depth of 
field, and therefore are better suited for applications that require 
imaging of 2D samples in relatively thin sample holders.  

Biomedical imaging and sensing applications utilizing 
flatbed scanners 

Flatbed scanners are extensively used for biomedical imaging 
and sensing tasks, especially for ones that require extremely 
large fields of view. Among these are the digital imaging of 
colorimetric assays, absorption based assays, biological 
samples in large sample holders (e.g., Petri dishes, 96 well-
plates) and large samples (brain slices, plant roots, etc.). Here 
we review some of these experiments that utilize the flatbed 
scanner as an imager to show the capabilities and the future 
potential of this consumer electronics device in measurement 
science. 

Colorimetric assays 

One of the most frequent uses of flatbed scanners in biomedical 
imaging is to digitally evaluate colorimetric assays. In this case, 
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the resolution of the system is less important, as the size of the 
individual objects to be imaged is usually several millimeters in 
diameter. However the large FOV is necessary, as the total area 
of the assay can be several cm2. These assays provide 
inexpensive and yet powerful methods for chemical and 
biological sensing. They typically consist of several sensor 
elements, each of which contains a unique dye molecule. These 
sensor elements have a chemoselective color response upon 
binding of the target molecules. The absorbance spectra of the 
dye molecule changes after the exposure to the target chemical 
(analyte), and the resulting color change is then detected by the 
scanner. Although the process might be visible to the naked 
eye, digitization of the data is necessary in order to increase the 
assay sensitivity and to be able to quantify the analyte 
concentration, as well as to improve repeatability and remove 
human reading errors. We should also note that in addition to 
flatbed scanners, other consumer electronics devices (e.g., 
cellphones or wearable computers such as Google Glass) have 
been successfully utilized to fulfill this task (although over 
significantly smaller fields of view).15,39 
 In general, each sensor element can give a color response to 
several different chemicals. The arrays are designed to contain 
a combination of these sensor elements, where the color change 
can uniquely identify the analyte. The number of sensor 
elements per array has risen in the past decade from ~12 to 
>100.40-42 This creates an increasingly high dimensional 
measurement vector for detecting, differentiating and 
quantifying the concentration of the analyte, and makes the 
digitization and the computer assisted data processing essential. 
Due to the size and relative complexity of these tests, the 
flatbed scanner has emerged as a cost-effective solution for 
high-throughput digitization of the color information in these 
tests. In such colorimetric experiments, usually the images are 
acquired by using the factory provided scanner software, and 
the data are represented in various color spaces for post 
processing40,43–49. The most popular one is the direct use of the 
values at the red, green, and blue channels of the captured 
image; however alternatives, for example the CYMK (Cyan, 
Yellow, Magenta, Key), or the HSV (Hue, Saturation, Value) 
color spaces are also utilized50. The optimal choice of the color 
space representation51 depends on the expected color change of 
the sample of interest, and can be accordingly adjusted to 
achieve better signal readout characteristics52,53. In essence, all 
these solutions work with data that have already been post-
processed by the scanner, and converted into different 
representations to detect and quantify the color changes. 
Unfortunately, in implementations that use the factory software 
the raw bit depth of the sensor is usually lost and the output of 
the scan can vary with the target itself, creating sensitivity and 
quantification issues. Gaining low level access to the scanner 
allows the collection of the raw sensory data32, which can 
mitigate this problem. Calibration targets scanned together with 
the object/sample can also provide a possible solution to some 
of these issues35,36. 

 
Figure 2: Flatbed scanner and a colorimetric sensor array used for the detection 
and identification of pathogenic bacteria grown on standard agar from the 
signatures created by the volatile organic compounds produced by the 
specimen. (Top Left) (a) The colorimetric sensor array and (b) the schematic of 
the apparatus containing an inverted Petri dish with the growth media, bacteria 
and the colorimetric sensor array placed on the scanner glass. (Top Right) (a) 
Color difference map of E. coli measurements captured over time from 
successive scans. (b) The color change plotted over time for each spot. (Bottom 
Right) The color difference maps for various bacterial strains. (Bottom Left) 
Principle component analysis (PCA) results for 10 strains of bacteria showing 
three principle components. Each color corresponds to a different strain. 
Reprinted (adapted) with permission from Reference 54. Copyright (2011) 
American Chemical Society. 

 Various colorimetric assays were developed by the Suslick 
research group and were digitized using flatbed scanners. These 
assays were initially created to detect the presence of metal 
ligating vapors such as alcohols, amines, arenes, ethers, 
halocarbons, ketons, phosphines, etc. with better than 1 parts 
per million (ppm) sensitivity in air.40,46 These “Optoelectronic 
Noses” were proven to work with complex mixtures as well,46 
were used to identify amines with ~0.1 ppm sensitivity45 and 
were further developed to differentiate closely related volatile 
organic compounds (VOC) forming a library of 100 VOCs43. In 
addition to these gas sensors, colorimetric sensor arrays have 
been created to recognize organic compounds in aqueous 
solutions with concentrations as low as 1 µM.48 Several 
applications of these colorimetric assays have been 
demonstrated, such as the differentiation and quality control of 
different types of beers and soft drinks47,49. Another 
advancement for these scanner-based colorimetric assays was 
the use of nanoporous pigments, which can improve the 
stability and durability of the array55. These pigments are made 
by immobilizing soluble dyes into organically modified porous 
silicates. Using these pigments, a new colorimetric assay was 
constructed to identify natural and artificial sweeteners at 
millimolar concentrations,44,56,57 and to detect toxic gases55. 
Carey et al. used a colorimetric essay in conjunction with a 
flatbed scanner to identify bacteria with 98.8% accuracy in less 
than 10 hours from the volatiles they produce (see Figure 2).54   
 Other research groups have also used flatbed scanners to 
digitize colorimetric assays. For example, they successfully 
quantified adsorbed elements and organic compounds on 
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polyurethane foam with comparable results to traditional 
adsorption-spectrophotometric methods.58–60 Also, flatbed 
scanners have been used in conjunction with colorimetric 
assays for pH monitoring61,62, and to develop a dopamine 
biosensor63,64. Another emerging application is scanner based 
digitization of paper based, inkjet printed, microfluidic devices 
to perform chemical sensing65 and immunochemistry66. 
 

 
Figure 3: Immunoassay performed on a flatbed scanner. (Top left) Sketches of (a) 
two layered and (b) three layered (ELISA-like) immunoassay showing silver 
enhanced gold nanoparticle labeling technique. (Top right) Sketch of the 
instrumentation to detect the optical signal change caused by the silver 
precipitation. (Bottom left) Color change caused by the gold nanoparticle 
catalyzed silver precipitation during the two layered technique with various 
concentrations of IgG-AuNP. (Bottom Right) Gray level image taken by the 
scanner for different concentrations of two target proteins (A & B), and their 
comparison to negative control sample. Springer, Microfluids and Nanofluids, 6, 
2008, 85-91 ”An immunoassay using antibody-gold nanoparticle conjugate, silver 
enhancement and flatbed scanner”; C.-H. Yeh, C.-Y. Hung, T. C. Chang, H.-P. Lin, 
and Y.-C. Lin; compiled from figures 1, 2, 3, 6, Copyright (2009) - (Reference 67). 
With permission from Springer Science and Business Media. 

Absorption based assays 

Flatbed scanners have also been used to image absorption based 
assays. In these types of assays, generally a single dye is used 
to stain the sample, and the signal/transmission change 
corresponds to the concentration of the target chemical/analyte. 
For example, protein concentrations have been successfully 
measured using a flatbed scanner in conjunction with ponceau 
S.68 staining and the Biuret test69. As another example, Rahman 
et al. described a method named “ScanMIC” to perform 
minimum inhibitory concentration measurements on Gram-
Negative bacteria, such as E. coli using a flatbed scanner. They 
demonstrated that this method is >92% accurate, and concluded 
that using a flatbed scanner can be labor saving and provide 
reliable results within a cost-effective platform.70 Also, an 
ionophore-based sensor was designed to measure potassium 
concentrations using a flatbed scanner.71 

 
Figure 4: A CCD based flatbed scanner used to evaluate a plaque assay 
measuring the infectivity and replication inhibition of various influenza virus 
strains in the presence of oseltamivir carboxylate. (Top) (a) Two 96-well plates 
are placed in the middle of the CCD based scanner to minimize the out-of-focus 
artifacts created by the wells placed far from the optical axis of the scanner lens. 
The artifact is depicted in (c), and can be compared to an image of a well taken 
from the middle of the plate shown in (b). (Bottom) (a) Image post processing 
algorithm for automatic evaluation of the scanned images. (b) Scanned image of 
the 96 well plate containing modified Madin-Darby canine kidney cells in triple 
columns infected with (from left to right) 103-106 of influenza virus 
A/Trieste/25/2007 and treated with 5 fold dilutions of oseltamivir carboxylate 
(20-0.0013nM,rows B to H) and row A as cell control with no oseltamivir 
carboxylate. (c) Positive population shown in a pseudo-colored image. Reprinted 
from Journal of Virological Methods, 179, Kate Sullivan, Johannes Kloess, Chen 
Qian, Donald Bell, Alan Hay, Yi Pu Lin, Yan Gu, “High throughput virus plaque 
quantitation using a flatbed scanner”, 81-89, Copyright (2012), with permission 
from Elsevier30. 

 Metal nanoparticle based assays have also been used in 
conjunction with a flatbed scanner. For example, Taton et al. 
created a method for combinatorial DNA analysis, where they 
used oligonucleotide-modified gold nanoparticle probes, and a 
silver(I) reduction based signal amplification technique along 
with a flatbed scanner.72 This research from the Mirkin group 
has led to the Scanometric approach which was later used for 
the detection of proteins73, mercury ions74 and cancer 
markers75. The silver enhanced gold nanoparticle based sample 
preparation technique was also modified to perform direct and 
ELISA-like immunoassays on a flatbed scanner by Yeh et al.67 
The system was able to achieve a detection limit of ~ 1 ng/mL 
for a target antibody (see Figure 3). The Scanometric approach 
offers some advantages over standard ELISA like 
immunoassays and fluorescence based microarrays due to its 
high sensitivity and selectivity.75 The procedure is based on 
increasing the scattered light from gold nanoparticle probes, 
which makes it ideal to be used in conjunction with a reflection 
(or transmission) based flatbed scanner to perform complex 
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biomedical assays. Dual enlarged silver enhanced gold 
nanoparticles have also been used in conjunction with a scanner 
to perform the detection of Campylobacter jejuni.76 

Imaging of large biomedical samples 

Flatbed scanners have also been used for direct imaging of 
biological samples in large sample holders. By taking 
advantage of the large field of view, one can obtain a large 
dataset that can be used to infer results based on statistical 
features. Due to the low cost of flatbed scanners, these systems 
can be easily scaled up to conduct several experiments 
simultaneously, further increasing the throughput. This 
approach has been used to image e.g., virus plaques30, 
mammalian cell colonies77,78, bacterial colonies79–81 and C. 
elegans37,82 samples. In addition to scanner based systems, 
cellphone based and on-chip imaging technologies were also 
developed to achieve wide-field imaging of biological 
specimen (including e.g., sperms83,84, human blood cells6,9,85, 
CD4/CD8 cells86, viruses8, Papanicolu smears87–89, etc.) which 
in general achieve much better spatial resolution than what 
flatbed scanners are capable of providing.  

 
Figure 5: Images captured by several flatbed scanners inside an incubator for 
measurement of C. elegans lifespan. (a) Schematic showing Petri dishes 
containing age-synchronized C. elegans worms placed on the scanner. (b) Time-
lapse images are captured by each scanner, and objects are segmented. Scale 
bars: 250µm. (c) Classification is done based on several morphological features; 
bar graphs show two examples. Bottom part shows a projection of the point 
cloud created by using 65 dimensional feature vectors to differentiate worms 
from non-worms. (d) The positions of the worms over time. Colored lines are 
stationary worms. (e) Graph of stationary animals over time, and their 
corresponding posture changes. The device can automatically gather death times 
from over 30,000 animals. Reprinted with permission from Macmillan Publishers 
Ltd: [Nature Methods] (Reference: 37 ), copyright (2013). 

 The wide FOV that is provided by flatbed scanners can be 
rather important and useful for certain biomedical imaging 
tasks. For instance in the case of imaging a 96-well cell culture 
plate, using a 10X microscope objective-lens, to cover the FOV 
of a single well would take dozens of images, and imaging the 
whole plate area would take thousands. In practice some of the 
conventional high throughput automated imaging solutions only 
capture a limited subset of images from each well, and assume 
that the information on these images represents the entire area 
of the well plate.30. However, as Sullivan et al. pointed out, for 
samples that have spatially non-uniform patterns, (such as virus 
plaques), this method can yield unreliable measurements. By 
using a flatbed scanner, however, the whole surface area of 

each well can be imaged, and in conjunction with automated 
cell counting algorithms, the results can be rapidly obtained 
(see e.g., Figure 4).30    
 Along the same lines, Levin-Reisman et al. also developed 
an automated system using several flatbed scanners to measure 
the growth rate and, in parallel, the delay in growth for 
thousands of organisms. By screening a library of E. coli 
deletion mutants, they were able to find a new bacteria growth 
phenotype with dramatically increased lag time upon starvation, 
and, as such, more resistant to antibiotics.81 This research 
shows the potential of large field of view automated imaging 
using scanners for tasks that would be extremely laborious to 
do with traditional imaging methods.  
 In a similar fashion, Stroustroup et al. combined several 
flatbed scanners within a temperature controlled incubator to 
measure C. elegans lifespan. This scanner-based automated 
imaging system not only creates large amounts of data, but also 
avoids the need to periodically remove the samples from the 
incubator to perform imaging (see Figure 5)37.   
 In certain experiments, the size of the biological sample 
itself (e.g., human tissue, bone or plant roots) might also require 
the use of an ultra-large field of view imaging system. For 
example, a high optical resolution (5600 dpi) flatbed scanner 
was used to create a complete map of a rat brain (~100 
sections) in 10 hours. This device could resolve individual 
neurons labelled with gold intensified diaminobenzidine in 
thionin-stained rat brain sections.90 As another example, Dong 
et al. used a conventional flatbed scanner attached to a 
Rhizotron window to image plant roots and quantify their 
lengths91. Lobet and Draye also used a flatbed scanner in a 
similar approach, however they were able to vectorize the entire 
Rhizotron-grown root system, obtain position, morphology, and 
topology information about every root, and analyze spatial root 
water uptake patterns92. In another application, Fox et al. 
successfully used a flatbed scanner for forensic purposes by 
imaging human skeleton.93 

Modified flatbed scanners used for biomedical 
imaging tasks 

Recently flatbed scanners have also been modified to take 
further advantage of their large field of view, scanning 
mechanism, and their ability to capture giga-pixel images. 
32,25,34 As an example, Shimobaba et al. reported a modified 
scanner system to be used in an in-line digital holographic 
imaging setup25. They modified a CIS based scanner by 
removing the GRIN lens array and used an external laser as a 
light source. Their results demonstrated that the flat-bed 
scanner is capable of capturing fringe magnified digital 
holograms of objects that are spaced 30-50 centimeters away 
from the scanner’s sensor plane. The overall spatial resolution 
of this system was ~8.8 µm, while the field of view was 
reduced to 2.2 cm × 2.9 cm due to fringe magnification.  
 One of the limitations of conventional flatbed scanners 
compared to traditional optical microscopes is their inability to 
directly perform fluorescent measurements. To provide a 

6 | Lab on a Chip, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 
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solution to this need, Göröcs et al. converted, for the first time, 
a conventional flatbed scanner to a wide-field fluorescent 
imaging device to detect fluorescent objects inside optically 
dense media, such as whole blood. The key steps that were used 
to convert the scanner into a fluorescent imager involved taking 
complete, low-level control over the built-in chipset of the 
device. Maximizing the gain, optimizing the scanning speed, 
disabling all the on-chip data processing, and thus acquiring 
raw sensory information, were all essential to increase the 
sensitivity of the flatbed scanner to a level that it was able to 
detect the fluorescent emission from the specimen. The 
hardware of the scanner was also modified to convert the 
scanner into a fluorescent imaging device: fluorescent 
excitation was provided by an external, software controlled 
light source consisting of 600 LEDs in a 20 × 30 matrix 
positioned ~2 cm above the scanner glass (Figure 6).  

 
Figure 6: Flatbed scanner converted to a 2.2 giga-pixel fluorescent imaging 
device with a field of view of 532 cm2. (Top left) Photograph of the device 
consisting of a flatbed scanner fitted with an emission filter and an array of 600 
LEDs providing uniform illumination over the entire field of view. (Top right) 
Diagram showing the light path inside the scanner head. The excitation arrives 
over a 45 degree angle to minimize the amount of light entering the scanner’s 
gradient index lens. The light scattered by the sample is attenuated by the filter, 
while the emitted fluorescent light passes through it. (Bottom) Experiment 
designed to validate the performance of the system. Microfluidic chips filled with 
whole blood spiked with 10µm fluorescent particles are scattered over the field 
of view. Scanned image of the sample and (from left to right) increasing zooms 
to focus onto the chambers. Last column shows fluorescent microscope 
comparison images captured by a 4x objective-lens (NA=0.13). This scanner-
based fluorescent imaging device achieved 98.8% accuracy with ~1% standard 
deviation for counting the particles inside the chambers. The whole field of view, 
532 cm2, can be imaged in <5 minutes. Reproduced from Ref. 32 with permission 
from The Royal Society of Chemistry. 

These LEDs were oriented in a 45° angle to minimize the 
excitation light entering into the image sensor, essentially 
creating a dark-field like excitation scheme as illustrated in 
Figure 6. A thin layer of custom made absorbing excitation 
filter was placed in front of the GRIN lens array to prevent the 
excitation light scattered by the sample to reach the image 
sensor. The extremely large field of view (532 cm2) of the 

scanner was utilized to image 2.2 mL of whole blood sample 
per scan, achieving more than 2 giga-pixels per image. The 
blood sample was spiked with 10 µm fluorescent particles, and 
placed into a relatively thin microfluidic chamber over the 
scanner glass. This scanner-based fluorescent imaging device 
was able to detect the fluorescent particles within the whole 
blood sample with 98.8% counting accuracy, and the entire 
scanning/imaging procedure took less than 5 min (see Figure 
6). This flatbed scanner based fluorescent imaging platform 
was also capable of detecting white blood cells labeled with a 
fluorescent dye (EtBr).32 

Conclusions 
Using consumer electronics devices, such as cellphones or 
flatbed scanners, for biomedical imaging and sensing has 
several advantages over traditional microscopy approaches, 
including e.g., portability and cost effectiveness. In addition, 
these consumer electronics based devices can perform large 
field-of-view automated imaging tasks, which would be too 
laborious to achieve with conventional microscopes that 
traditionally require relatively expensive scanning systems. For 
this end, flatbed scanners offer unique capabilities due to their 
ultra large field of view (>500-600 cm2), which makes them 
excellent candidates for imaging large biomedical samples. As 
the consumer electronics market continues to grow, these 
emerging biomedical imaging systems will further improve, 
expanding their already diverse uses in biomedical imaging and 
sensing applications. In addition to mobile phones and other 
emerging consumer electronics devices including wearable 
computers, flatbed scanners and their use in advanced imaging 
and sensing experiments might help us transform current 
practices of medicine, engineering and sciences through 
democratization of measurement science and empowerment of 
citizen scientists, science educators and researchers in resource 
limited settings. 
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